1. Introduction
===============

Enterohemorrhagic *Escherichia coli* (EHEC) O157:H7 initially was identified as an important human pathogen in the United States, and this pathogen recently has become the most prevalent type of enterohemorrhagic *E. coli* (EHEC). EHEC is a cause of infection worldwide in both human and animals ([@b1-epj-08-2576]--[@b7-epj-08-2576]). *E. coli* O157:H7 is a food-borne pathogen and a significant gastrointestinal agent, and it can cause serious enteric diseases in people, with the complications of the infection potentially leading to renal damage and death, particularly in young children and the elderly ([@b8-epj-08-2576]--[@b11-epj-08-2576]). *E. coli* O157:H7 has been shown to be one of the most frequently isolated bacterial pathogens from meat and fresh products after Campylobacter, Salmonella, and Shigella spp. ([@b12-epj-08-2576]). Diarrhea and hemorrhagic colitis are characteristic clinical symptoms of *E. coli* O157:H7 infections, and their progression may cause life-threatening hemolytic uremic syndrome (HUS) and lead to serious renal damage and even death ([@b13-epj-08-2576]--[@b16-epj-08-2576]). The universal threats of this organism for public health are demonstrated by the high morbidity and mortality rate of diseases due to EHEC O157:H7in several recent large-scale epidemics ([@b17-epj-08-2576]). *E. coli* O157:H7 has a very low infection threshold, such that ingestion of 10 microorganisms may be sufficient to cause severe gastrointestinal disease ([@b18-epj-08-2576]). The above points indicate that the development of quick, specific, and sensitive assays to detect EHEC O157:H7 is now a major global concern ([@b19-epj-08-2576]). Conventional culture methods based on biochemical features are tiresome and typically require up to 72 h; therefore, the development of rapid techniques for detection based on immunological and genetic targets has become the focus of attention ([@b20-epj-08-2576]). Immunological methods recently have been introduced for detecting Shiga toxins. Nevertheless, such methods have failed to differentiate between O157:H7 and other less-virulent EHEC, and several Shiga toxins may not be detected at all ([@b14-epj-08-2576]). The techniques based on the detection of O157 somatic and H7 flagellar antigens also are inadequate due to their lack of specificity ([@b8-epj-08-2576]). Enzyme immunoassay, a rapid detection method, has shown a high requirement for the population of pathogens ([@b21-epj-08-2576]). However, other methods, such as immuno-magnetic beads and colloidal gold immunochromatography assay, have shortcomings in reproducibility despite their ease and rapidness ([@b22-epj-08-2576]--[@b26-epj-08-2576]). Molecular methods, such as PCR and real-time PCR assay, have been used during the past decade to detect food-borne pathogens (such as *E. coli* O157:H7) by amplifying a number of relevant genes. Nonetheless, the need for trained staff, operating space, equipment, and reagents has impeded its usefulness ([@b27-epj-08-2576], [@b28-epj-08-2576]). Hence, there has been an increasing demand for simple and cost-effective molecular tests. Loop-mediated Isothermal Amplification (LAMP), a novel nucleic acid amplification method that relies on an auto-cycling strand displacement DNA synthesis, is performed by Bst DNA polymerase ([@b29-epj-08-2576]--[@b31-epj-08-2576]). Four or six primers that identify six or eight distinct regions are used in this method. It is operated under a constant temperature (60 to 65 °C), and it eliminates the need for specialized thermal cycler equipment ([@b32-epj-08-2576]). This technique was first used to detect bacteria, and it is being used increasingly for the rapid detection of other bacteria, such as *E. coli* ([@b33-epj-08-2576]--[@b36-epj-08-2576]). An important advantage of LAMP is its ability to amplify specific sequences of DNA under isothermal conditions. In addition, a positive reaction with LAMP easily can be investigated by the naked eye, without the need for electrophoresis ([@b37-epj-08-2576]). One of the most tempting features of LAMP is the fact that results can be observed by addition of SYBR Green II. Thus, it can be appropriate in primary clinics or field labs. The purpose of this study was to establish a rapid, sensitive, specific, and easy method to detect Enterohemorrhagic *E. coli* O157:H7 using a visualized detection system with SYBR Green II.

2. Material and Methods
=======================

2.1. Research design and setting
--------------------------------

The standard strains used in this research included *E. coli* 0157:H7 (ATCC 12900), *Shigella dysentriae*, *Shigella flexneri* (ATCC 12022), *Shigella sonnei* ATCC 9290 (NCTC 12698), *Shigella boydii*, *Salmonella typhi*, *Salmonella enteritidis*, *Salmonella infantis*, *Salmonella murium*, *Vibrio cholera* (ATCC 14035), and *Staphylococcus aureus*. The bacteria were cultured overnight in Luria-Bertani broth with constant shaking (180 rpm) at 37 °C and then prepared for DNA extraction. These strains were tested in the LAMP and PCR assays. Bacterial DNA belonging to standard strains was extracted using standard purification methods. For gram negative bacteria, genomic DNA was extracted from cultivated strains using the phenol-chloroform method as previously published ([@b38-epj-08-2576]), and DNA extraction was performed for gram positive bacteria according to the procedures published earlier ([@b39-epj-08-2576]). The DNA extracted from the strains was dissolved in TE buffer and quantified using a spectrophotometer at a wavelength of 260 nm after which it was used as a template for LAMP and PCR reactions.

2.2. Primers
------------

The *E. coli*-specific *rfbE* gene, one of the major virulent genes in *E. coli* O157:H7, coding O-antigen synthesis gene, was selected to distinguish between strains. The *rfbE* gene is specific to the O157:H7 serotype, and it is particularly used because all strains expressing this antigen are associated with severe clinical symptoms ([@b40-epj-08-2576]--[@b42-epj-08-2576]). A basic set of four primers is needed, including FIP (Forward Inner Primer), BIP (Backward Inner Primer), F3 (Forward Outer Primer), and B3 (Backward Outer Primer) to identify six distinct regions on the target DNA. To accelerate the LAMP reaction, two additional primers, i.e., LF (Loop Forward Primer) and LB (Loop Backward Primer), also were used. FIP consisted of the complementary sequence of F1, a T-T-T-T linker, and F2. BIP consisted of B1c, a T-T-T-T linker, and the complementary sequence of B2c. Primers F3 and B3 were located outside of the F2 and B2 regions, while loop primers LF and LB were located between F2 and F1 and between B1 and B2, respectively. The primers used in this study were selected from the literature ([@b43-epj-08-2576]). Primers F3 and B3 also were used in the PCR reactions as forward and backward primers.

2.3. LAMP amplification and detection of products
-------------------------------------------------

LAMP was performed in a 25-μl total reaction mixture containing the inner primers FIP and BIP at 0.8 mM, the outer primers F3 and B3 at 0.2 mM, loop primers LF and LB at 0.8 mM, 2.5 μl of 10X ThermoPol Reaction Buffer, each deoxynucleotide at 5.6 mM, 0.42 mM MgSO4, 0.5 M Beanie, 4 U of large fragment *Bst* DNA polymerase (New England Biolab), and 1 μl of template DNA. The mixture was incubated at 63 °C for 30 min and then heated at 80 °C for 2 min in order to terminate the reaction. LAMP products were subjected to electrophoresis on a 2% agarose gel, stained by ethidium bromide, and then examined under UV light. Visual detection based on turbidity of the by-product of DNA amplification was performed in real time. In addition, a positive amplification was indicated by a color change after adding 1 μl of SYBR Green II to the reaction mixture and observing under UV light. To confirm the accuracy of the structures, the amplified products were analyzed by sequencing.

2.4. PCR reaction and detection of products
-------------------------------------------

PCR amplification was conducted in a 25-μl reaction mixture that contained two forward and backward outer primers, F3 and B3. The thermal profile for PCR was initiated at 95 °C for 3 min, followed by 30 cycles at 95 °C for 1 min, 54 °C for 1 min, and 72 °C for 1 min, with a final extension cycle at 72 °C for 5 min. The amplified products were analyzed by gel electrophoresis in 2% agarose gels, stained with ethidium bromide, and then observed under UV light.

2.5. Confirmation of PCR products
---------------------------------

To confirm the accuracy of the amplicon fragments, the amplified products were digested with the appropriate restriction enzyme (*Eco*47I, Fermentase co.) in 20 μl of reaction mixture and then electrophoresed on 1% agarose gel. Restricted products were stained with ethidium bromide and observed under UV light.

2.6. Optimization of LAMP assay
-------------------------------

The initial optimization of the assay was conducted using a set of four basic primers, and optimal concentrations were determined. The reaction mixture was incubated at temperatures ranging from60 to 65 °C. The optimal temperature was found to be 63 °C for 45 min. We tried two additional loop primers with optimized values in order to accelerate the reaction and reduce the time of amplification to 20 min. Values and concentrations of other components of the reaction were optimized.

3. Results
==========

Amplification products were observed as a ladder-like pattern on the agarose gel ([Figure 1](#f1-epj-08-2576){ref-type="fig"}, lane 2).

Since amplified LAMP reaction mixtures contained magnesium pyrophosphate (as a by-product), a white turbidity, which could be observed by the naked eye, emerged in the positive tubes. There was no turbidity in the negative tubes ([Figure 2](#f2-epj-08-2576){ref-type="fig"}). Naked-eye detection was performed by SYBR Green II that was added to the reaction mixture, and the color change was observed. The positive samples appeared to be green under UV light, whereas the negative samples were orange ([Figure 3](#f3-epj-08-2576){ref-type="fig"}). Confirmation of amplified LAMP products was conducted by sequencing. Classic PCR showed a 193 bp amplicon under UV light ([Figure 4](#f4-epj-08-2576){ref-type="fig"}). Enzymatic digestion of this amplicon produced two 119 bp and 74 bp bands on gel, indicating the accuracy of the amplification ([Figure 5](#f5-epj-08-2576){ref-type="fig"}). The specificity of the rfbE gene primers was initially proved using BLASTN ([www.ncbi.nlm.nih.gov](www.ncbi.nlm.nih.gov)). To evaluate the specificity of the LAMP assay for detecting EHEC, thereafter, template DNA of EHEC and various non-EHEC bacteria were applied to the LAMP reactions. No LAMP products were detected when template DNA of non-EHEC strains was used, suggesting high specificity of the LAMP assay. The result of the specificity test of the LAMP assay is shown in [Figure 6](#f6-epj-08-2576){ref-type="fig"}. To evaluate the detection limit of the LAMP assay for the detection of EHEC, 10-fold serial dilutions of a known concentration of extracted DNA were applied, and the same DNA template DNA was compared to PCR product. The reaction mixtures with more than 78 pg/tube of template DNA showed a ladder-like pattern on the gel ([Figure 7](#f7-epj-08-2576){ref-type="fig"}). Thus, the detection limit of the LAMP assay was determined to be 78 pg. However, the PCR assay amplified the expected fragment in the concentrations that exceeded 7.8 ng/tube of DNA ([Figure 8](#f8-epj-08-2576){ref-type="fig"}). Under the conditions established in this study, the comparative sensitivity of LAMP and PCR indicated that LAMP is 100-fold more sensitive than PCR for the detection of EHEC.

4. Discussion
=============

It is very important to keep *E. coli* O157:H7 under control in related infections, so effective detection strategies must be evaluated and used. During different monitoring procedures against EHEC O157:H7 infection, various methods have been utilized to detect this pathogen, including culturing and PCR-based amplification methods ([@b44-epj-08-2576]). These techniques are specific and accurate, but most of them require extensive technical expertise, and they are time-consuming ([@b45-epj-08-2576]). PCR has not been generally established in clinical laboratories because it is complex and requires a high-precision thermal cycler ([@b46-epj-08-2576]). Therefore, an easy and inexpensive diagnostic method is needed, especially in developing countries with insufficient facilities and health resources. Thus, the application of LAMP is rapidly expanding and currently covers different areas, including infectious diseases. In the present study, we focused on an advantageous visual-based LAMP method to detect EHEC O157:H7 because of its simplicity, rapidity, and ease to detect, which can appropriately meet the demands in primary clinical settings in developing countries or for field use. In the LAMP assay, positive reactions are indicated by the turbidity of the reaction solution, but, recently, some new detection systems using DNA intercalating dyes have been developed ([@b32-epj-08-2576], [@b47-epj-08-2576]). This is the first report to describe the application of SYBR Green II-based detection system in the LAMP assay to detect EHEC O157:H7. In this simple and helpful LAMP assay, the color of positive samples is supposed to change to green. In previous studies, other dyes were applied for better visibility of the reaction result, such as propidium iodide or Picogreen ([@b32-epj-08-2576], [@b48-epj-08-2576], [@b49-epj-08-2576]). In several other developed colorimetric LAMP assays fluorescence calcein, Hydroxy Naphthol Blue, and Gene Finder were used as well ([@b50-epj-08-2576]--[@b52-epj-08-2576]). In the current study, we evaluated the LAMP and PCR assays for detection of EHEC O157:H7. The results showed that, under the conditions established in this study, the sensitivity of LAMP and PCR assay was 78 pg and 7.8 ng per test tube, respectively. The sensitivity of the LAMP process was demonstrated to be 100 times higher than that of PCR, which is due to higher speed and greater yield achieved in LAMP as the result of target gene amplification compared to other assays ([@b53-epj-08-2576]). Our results were not consistent with previous reports with a detection limit of 100 fg and 10 pg in LAMP and PCR assays targeting rfbE gene, respectively, indicating that LAMP was at least 10 times more sensitive than PCR ([@b43-epj-08-2576]). Moreover, strains of non-EHEC O157:H7 were not detected by the LAMP assay. Based on these results, LAMP had high specificity, which was concluded because the target sequence was recognized by six independent sequences in the initial stage and by four independent sequences during the later stages of LAMP reaction. When the reaction was performed in the absence of each of four primers, no amplification was seen. This demonstrated a strict requirement for recognition of six distinct sequences in the target DNA ([@b29-epj-08-2576]). We could detect EHEC O157:H7 in less than 30 min using the LAMP method with loop primers, which was similarly mentioned in preceding studies ([@b43-epj-08-2576]). Overall time in PCR method reached near 2 hr. The results showed that the LAMP assay is more rapid than PCR in EHEC O157:H7 detection.

The LAMP assay is a highly sensitive and specific approach to detect EHEC O157:H7 in which facilitated laboratories are not needed to conduct the test. Unlike PCR, it just requires a simple water bath or heat block that provides a constant temperature of60 to 65 °C. This property emphasizes the potential application for the detection of EHEC O157:H7 in field laboratories. It is easy to perform. Furthermore, LAMP is a rapid diagnostic method, because no time is lost as a result of changes in temperature, and this rapidity is provided by the short reaction time and the real-time turbidimetric detection of magnesium pyrophosphate precipitates with the naked eye without using gel electrophoresis ([@b37-epj-08-2576]). The existence of a color-based detection system can be more useful and makes it even simpler to detect color change in an amplified reaction. Designing the primer is the principle step of the LAMP technique, which directly influences the specificity and sensitivity of detection. It is a complex aspect of this approach that should be given more attention to develop effective primers. Generally, it is easy to bring non-specific amplification beyond 60 min. Therefore, the amplification time should be controlled properly ([@b54-epj-08-2576]). In addition, this assay is suited for qualitative, but not quantitative, information ([@b32-epj-08-2576]). This property is considered to be a limitation of the LAMP assay.

5. Conclusions
==============

We demonstrated that the LAMP assay was time-efficient, sensitive, and easy-to-perform compared to the PCR assay in detecting EHEC O157:H7. Using SYBR Green II detection system facilitated the diagnosis of this bacterium and made the LAMP assay more practical to use. Alternatively, we can utilize this assay to detect other pathogenic agents in order to reduce detection time. However, further improvements are required to establish this approach. We suggest that this colorimetric detection system be applied in small clinical laboratories where early detection of infectious agents is required.
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